VEGF is induced by hypoxic stress in pathological settings such as tumor cores and atherosclerotic lesions[@R13]-[@R15]. These sites are enriched in inflammatory cytokines, including IFN-γ which represses myeloid cell expression of VEGF and other inflammatory proteins by GAIT-mediated translational silencing[@R16],[@R17]. Macrophages simultaneously exposed to opposing inflammatory and hypoxic signals must render a decision to restrict GAIT function to allow VEGF synthesis and risk inflammatory protein accumulation, or permit GAIT-mediated inhibition of VEGF synthesis and risk unrelieved hypoxia. To determine the cell response to this dilemma, U937 monocytic cells were exposed simultaneously to hypoxia and IFN-γ. The decrease in VEGF protein after normoxic, IFN-γ treatment for 24 h was completely abrogated by hypoxia ([Fig. 1a](#F1){ref-type="fig"}, [Suppl. Fig. 1](#SD1){ref-type="supplementary-material"}). Polysome profiling and RT-PCR (or qRT-PCR) showed that hypoxia restored VEGF translation (Suppl. Figs. [2](#SD5){ref-type="supplementary-material"},[3](#SD6){ref-type="supplementary-material"}). Consistent with other reports, mild hypoxia inhibited total protein synthesis nominally ([Suppl. Fig. 4](#SD7){ref-type="supplementary-material"})[@R18]. Thus, hypoxia overrides GAIT-mediated repression of VEGF translation observed in normoxia[@R16].

To determine whether hypoxia inhibits the GAIT pathway or specifically alters VEGF mRNA response to IFN-γ, we compared *in vitro* translation of firefly luciferase (Fluc) reporter transcripts bearing ceruloplasmin (Cp) and VEGF mRNA 3'UTRs, both containing functional GAIT elements[@R16],[@R19]. Lysates from normoxic, but not hypoxic, cells treated with IFN-γ for 24 h repressed translation of the VEGF 3'UTR-bearing reporter ([Fig. 1b](#F1){ref-type="fig"}). In contrast, both lysates blocked translation of Cp 3'UTR-bearing reporter, indicating a functional GAIT complex in hypoxia. RNA EMSA/supershift analysis verified binding-competent GAIT complex in hypoxic lysates ([Suppl. Fig. 5](#SD8){ref-type="supplementary-material"}). Thus, a hypoxic cells factor(s) specifically overcomes silencing of VEGF mRNA translation, implicating a VEGF 3'UTR-related property.

The VEGF 3'UTR contains a 125-nt, hypoxia stability region (HSR) that binds hnRNP L, a splicing factor with cytosolic activities[@R20] including mRNA stabilization[@R21],[@R22] ([Fig. 1c](#F1){ref-type="fig"}). The VEGF GAIT element resides within the HSR, immediately downstream of the hnRNP L binding site. Translation of a reporter transcript bearing the HSR was inhibited by 24-h, IFN-γ-treated normoxic, but not hypoxic, lysate ([Fig. 1d](#F1){ref-type="fig"}). In contrast, translation of a transcript bearing VEGF GAIT element alone was silenced by both lysates. Expression of HSR-bearing reporter in U937 cells treated with IFN-γ was also restored under hypoxia, whereas a reporter containing only the GAIT element was repressed under both normoxia and hypoxia ([Fig. 1e](#F1){ref-type="fig"}). Thus, the HSR recapitulates the differential response of VEGF mRNA to IFN-γ and hypoxia *in vitro* and *in vivo*. Similar results were observed in primary human peripheral blood monocytes, murine bone marrow-derived macrophages, and other human and murine myeloid cell lines ([Suppl. Fig. 6](#SD9){ref-type="supplementary-material"}). Glutamyl-prolyl tRNA synthetase (EPRS) is the GAIT protein that binds GAIT element RNA[@R12],[@R23]. UV-crosslinking of the HSR with lysates from IFN-γ-treated cells revealed an \~170 kDa protein consistent with EPRS that binds only under normoxia ([Fig. 2a](#F2){ref-type="fig"}). The interaction of a \~60 kDa protein consistent with hnRNP L was enhanced by hypoxia[@R22]. These bands were identified as hnRNP L ([Fig. 2a](#F2){ref-type="fig"}, left) and EPRS ([Fig. 2a](#F2){ref-type="fig"}, right) by immunodepletion. Notably, depletion of hnRNP L induces EPRS binding to the HSR, even in hypoxia, and the converse was seen after EPRS depletion, suggesting mutually exclusive binding of hnRNP L and EPRS.

AS~3'UTR,332-357~, an oligomer antisense to the reported hnRNP L binding site[@R22], markedly decreased hnRNP L binding to HSR RNA in hypoxic cell lysates ([Fig. 2b](#F2){ref-type="fig"}) and restored translation inhibition of an HSR-bearing reporter RNA in the presence of 24-h, IFN-γ-treated, hypoxic cell lysates, indicating hnRNP L binding is required to overcome translation silencing ([Fig. 2c](#F2){ref-type="fig"}). Likewise, exogenous expression of myc-tagged hnRNP L in IFN-γ-treated, normoxic cells partially restored expression of VEGF ([Suppl. Fig. 7a](#SD10){ref-type="supplementary-material"}) and VEGF HSR-containing reporter ([Suppl. Fig. 7b](#SD10){ref-type="supplementary-material"}). Mutation of the HSR CA-repeats abrogated binding of recombinant hnRNP L ([Suppl. Fig. 8a](#SD11){ref-type="supplementary-material"}) and overcame translation repression by normoxic IFN-γ treatment ([Suppl. Fig. 8b](#SD11){ref-type="supplementary-material"}). Similarly, U-to-C mutation in HSR nt position 367 (which is essential for GAIT complex binding[@R16]) blocked binding of recombinant EPRS linker (the domain that binds the GAIT element[@R23]), and repressed translation even under hypoxia. Lastly, siRNA-mediated knockdown confirmed the requirement for hnRNP L in regulating expression of endogenous VEGF ([Fig. 2d](#F2){ref-type="fig"}) and VEGF HSR-bearing reporter ([Suppl. Fig. 9](#SD12){ref-type="supplementary-material"}). VEGF expression was not repressed by IFN-γ treatment of normoxic cells in which GAIT complex formation is prevented by knockdown of the essential GAIT component, ribosomal protein L13a ([Suppl. Fig 10](#SD2){ref-type="supplementary-material"})[@R11].

Surface plasmon resonance showed hnRNP L (K~d~ = 61.5 nM) and EPRS linker (K~d~ = 26.4 nM) have comparable affinity for VEGF HSR RNA, suggesting they might compete for binding, and the equilibrium could be shifted by changes in their relative amounts. Hypoxia did not increase hnRNP L expression ([Fig. 3a](#F3){ref-type="fig"}). However, IFN-γ treatment in normoxia markedly reduced hnRNP L expression, and hypoxia partially blocked this decrease. MG132, a proteasome inhibitor, blocked IFN-γ-mediated reduction of hnRNP L ([Fig. 3b](#F3){ref-type="fig"}). Also, MG132 overcame translational silencing *in vitro* ([Fig. 3c](#F3){ref-type="fig"}) and in transfected cells ([Suppl. Fig. 11](#SD3){ref-type="supplementary-material"}). Thus, hypoxia overcomes the IFN-γ-stimulated proteasomal degradation of hnRNP L and maintains a level of hnRNP L protein that competes with the GAIT complex for HSR binding.

The proximity of hnRNP L and GAIT complex binding sites suggests a potential interaction contributing to mutually exclusive binding. The lowest energy (−17.3 kcal/mol) predicted secondary structure[@R24] of the HSR is stabilized by a 25-bp stem ([Fig. 4a](#F4){ref-type="fig"}, left). The experimentally defined GAIT structural element[@R19] is disrupted by base-pairing with a downstream antisense strand (stem stability sequence). The lack of a GAIT element structure suggests this predicted conformer is "translation-permissive" (TP). Because GAIT complex binding to the HSR under normoxia requires GAIT element recognition, we re-folded the HSR under experimentally determined base-pairing constraints essential for GAIT element structure and function[@R19], which predicted a "translation-silencing" (TS) conformer less stable (−4.1 kcal/mol) than the TP conformer ([Fig. 4a](#F4){ref-type="fig"}, right). We hypothesized that VEGF HSR RNA might exist in both conformations, and that hypoxia and IFN-γ regulate a binary switch between the conformations mediated by mutually exclusive binding of hnRNP L and GAIT complex.

To validate the RNA switch experimentally, *in vitro*-transcribed HSR was subjected to RNase A probing[@R25]. Nearly all nuclease cleavage sites corresponded to nucleotides predicted to be single-stranded in both conformers ([Fig. 4a; 4b](#F4){ref-type="fig"}, lane 2). A notable exception was cleavage at UTR positions 359 and 361 (GE1), predicted to be a single-stranded bulge in the TP, but base-paired in the TS conformer. Cleavage at positions 371 and 374 (GE2) exhibited opposite characteristics, i.e., base-paired in the TP but single-stranded in the TS conformer. Robust cleavage at GE1 and GE2 suggested co-existence of both conformers. The presence of the less energetically favorable TS conformer can be explained by co-transcriptional folding, i.e., sequential folding of subdomains in nascent mRNA during transcription[@R26]. Heat-denaturation and subsequent renaturation of the HSR eliminated the GE2 signature, establishing the presence of two conformers and a conformational switch ([Fig. 4c](#F4){ref-type="fig"}, lanes 1,2). Finally, we investigated the role of proteins in the RNA switch. The HSR was incubated with lysates from IFN-γ-treated cells, protein was removed, and extracted RNA probed with RNase A[@R27]. Normoxic cell lysate decreased GE1 cleavage, consistent with conversion to the TS conformer ([Fig. 4d](#F4){ref-type="fig"}, lane 2). Conversely, hypoxic lysate induced conversion to the TP conformer (lane 5). In normoxic lysates, immunodepletion of GAIT complex switched most RNA to the TP conformer (lane 3), whereas hnRNP L depletion caused conversion to the TS conformer (lane 4). In hypoxic lysates, hnRNP L depletion partially restored the TS conformer (lane 7). These data reveal a protein-dependent, hypoxia- and IFN-γ-responsive RNA switch in the VEGF 3'UTR that regulates translation.

The VEGF RNA switch is functionally analogous to bacterial riboswitches, undergoing conformational changes in response to environmental signals to regulate gene expression. However, the sensing mechanisms of the switches are distinct. Riboswitches respond to stimuli by direct binding of the effector molecule. In contrast, the VEGF switch requires signal "interpretation" by regulatory proteins ([Fig. 4e](#F4){ref-type="fig"}). VEGF mRNA uses an unprecedented switching mechanism to integrate the response to two disparate stress stimuli. The switch comprises a single domain that alternates between two conformers in response to mutually exclusive binding of ligands, thereby functioning as an uncommon "AND NOT" Boolean logic gate ([Fig. 4f](#F4){ref-type="fig"}) distinct from the S-adenosyl methionine and adenosylcobalamin riboswitches in *B. clausii* metE mRNA which bind their cognate ligands independently to form a NOR logic gate[@R28]. Multi-input signal integration may be advantageous for regulating gene expression in response to the diverse environmental stresses faced by metazoan cells. The switch may be myeloid cell-specific, as EPRS binding and VEGF translational repression are not seen in HeLa cells ([Suppl. Fig. 12](#SD4){ref-type="supplementary-material"}). Transcript specificity permits GAIT-mediated repression of harmful inflammatory proteins while simultaneously allowing high-level VEGF expression to relieve tissue hypoxia[@R15]. We anticipate that elements in other eukaryotic transcripts will be discovered as components of RNA switches. A small upstream ORF in arginine transporter cat-1 mRNA internal ribosome entry site is a candidate as it undergoes a conformational change in response to amino acid availability; however, regulatory proteins have not been identified[@R29]. The VEGF switch may represent the founding member of a family of protein-dependent binary RNA switches in which environmental stimuli are transduced by regulatory proteins to alter RNA conformation and control gene expression.

METHODS SUMMARY {#S1}
===============

Human U937 monocytic cells were incubated with 500 units/ml of human IFN-γ (R & D Systems) for up to 24 h. Hypoxic treatment was in a humidified incubator at 3% pO~2~. Capped RNAs were transcribed from linearized plasmids using the mMessage mMachine transcription system (Ambion). \[α-^32^P\]UTP-labeled VEGF-HSR RNA was transcribed using the T7-riboprobe system (Promega). RNAs were *in vitro* translated in rabbit reticulocyte lysate (Promega) in the presence of methionine-free amino acid mixture and translation-grade \[^35^S\]methionine (Perkin Elmer) and cytosolic extract (500 ng of protein). Cells were nucleofected (Amaxa) with siRNAs or reporter plasmids containing Fluc upstream of wild-type or mutant VEGF HSR expressed from CMV promoter, together with Rluc driven by SV40 promoter. For analysis of polysome-associated mRNA, ribosomal fractions were obtained by sucrose gradient fractionation[@R30]. RNA was isolated using Trizol reagent (Life Technologies) and subjected to RT using oligo(dT) primers and PCR using gene-specific primers. The conformational switch in the VEGF HSR RNA was probed by enzymatic cleavage by RNase A (Ambion). To probe protein-dependent RNA conformational shifts, proteins were removed with 5% SDS on ice before RNA extraction with phenol:chloroform and precipitation by ethanol in presence of 2 mM MgCl~2~[@R27].

METHODS {#S2}
=======

Plasmid construction {#S3}
--------------------

The pSP64-FLuc-VEGF-A 3'UTR~(11-900)~-A~30~, pSP64 FLuc-Cp 3'UTR-A~30~, and pSP64-FLuc-VEGF-A GAIT-A~30~ constructs were generated as described[@R15],[@R31]. The VEGF-A 3'UTR HSR sequence (nt 332-456) was PCR-amplified and inserted into the pcDNA3 vector (Invitrogen) to generate pcDNA3-VEGF-A HSR. The VEGF-A HSR sequence was also inserted into pSP64-FLuc-VEGF-A 3'UTR~(11-900)~-A~30~ after releasing the VEGF-A 3'UTR to generate pSP64-FLuc-VEGF-A HSR-A~30~. The VEGF HSR was also inserted downstream of FLuc in pcDNA3 to generate pCD-FLuc-VEGF-A HSR. VEGF-A HSR, with U367 mutated to C, was PCR-amplified by a megaprimer approach and the mutated sequence was also inserted downstream of FLuc in pcDNA3 to generate pCD-FLuc-VEGF-A HSR-GAITmut. The VEGF-A HSR was also amplified using a forward primer with the C and A residues in the hnRNP L binding site mutated to G and T respectively, to generate VEGF-A HSR-hnRNP L sitemut. The sequence was inserted downstream of FLuc in pcDNA3 to generate pCD-FLuc-VEGF-A HSR-hnRNP L site-mut. Both the mutant sequences were also inserted into pcDNA3 to generate the template for in vitro transcription. The pcDNA3-myc-hnRNP L plasmid was a kind gift from Naoyuki Kataoka, University of Pennsylvania School of Medicine. Rat hnRNP L sequence was inserted into a His-tagged prokaryotic expression vector for bacterial expression. The linker domain of human EPRS (aa 753-953) was similarly expressed from a His-tagged prokaryotic expression vector.

Immunodepletion of GAIT Complex and hnRNP L {#S4}
-------------------------------------------

U937 cell lysates were incubated with polyclonal anti-EPRS antibody[@R15] or polyclonal anti-hnRNP L antibody (Santa Cruz) coupled to protein-A Sepharose CL beads (Sigma) in RIPA buffer. The beads were pelleted and the process was repeated twice with supernatants. The supernatants were concentrated and re-dissolved in 10X PBS. The supernatants were immunoblotted with anti-EPRS and anti-hnRNP L antibody to verify immunodepletion.

Isolation of Polysome-Associated mRNA {#S5}
-------------------------------------

Ribosomal fractions were obtained as described[@R30]. Briefly, U937 cells were homogenized in TMK lysis buffer containing cycloheximide (0.1 mg/ml). Cells were lysed and cytosolic extract was obtained by centrifugation at 10,000 × g for 20 min. The extract was overlayed on a 10-50% (w/v) sucrose gradient and centrifuged at 100,000 × g for 4 h at 4 °C. Fractions were collected using a programmable gradient fractionator (Isco) and absorbance at 254 nm was measured.

Cell Transfection and Luciferase assay {#S6}
--------------------------------------

U937 cells were transiently co-transfected with 6 μg of pCD-FLuc-VEGF-A HSR and 8 μg of pCD-myc-hnRNPL DNAs using human dendritic cell nucleofection kit V (Amaxa Biosystems). RLuc-expressing vector pRL-SV40 (1 μg) was co-transfected for normalization of transfection efficiency. After 12 h, transfected cells were incubated with IFN-γ, lysed, and either immunoblotted or luciferase activity of the lysate was measured using dual luciferase assay kit (Promega). Cells were similarly nucleofected with 400 nM siRNA against hnRNP L (target sequence: 1066-1084, UAUGGCUUGGAUCAAUCUA) or with a control siRNA which is not similar to any human genomic sequence (AAGCGCTACT-ACAGCAGTC).

UV-crosslinking of RNA-protein complexes {#S7}
----------------------------------------

^32^P-UTP labeled RNAs were incubated with cell lysates or bacterially-expressed and purified EPRS linker or rat hnRNP L proteins and then UV-crosslinked. The RNA-protein complexes were extensively digested by RNase A digestion and resolved by SDS-PAGE

Computational prediction of RNA structure {#S8}
-----------------------------------------

RNA secondary structure predictions of the VEGF HSR RNA were performed using the Mfold program (<http://mfold.bioinfo.rpi.edu>), and the structure with the lowest free energy selected. The same sequence was refolded by incorporating base-pairing constraints in the GAIT element stems that have been experimentally determined to be required for GAIT complex binding and activity[@R18].

Enzymatic probing of RNA Structure {#S9}
----------------------------------

VEGF-A HSR RNA was generated by *in vitro* transcription, and then 5′-end-labeled with \[γ-^32^P\]ATP using the KinaseMax kit (Ambion). The RNA was purified using Micro Bio-Spin chromatography columns (Biorad) and the purity tested on 8 M urea-5% polyacrylamide gel. The RNA was probed with RNase A (Ambion) as described[@R24] with modifications. Briefly, about 10,000 cpm of the end-labeled RNA, together with 3 μg of yeast tRNA, was incubated with 10 pg of RNase A in 1X RNA structure buffer for 10 min at room temperature. Amounts of RNase used in the reactions were initially titrated to ensure "single-hit" cleavage. For RNA sequencing reactions, similar amounts of end-labeled RNA and tRNA was incubated with 20 pg of RNase A in 1X sequencing buffer at 50 °C for 5 min. The single nucleotide ladder was generated by incubating similar amounts of end-labeled RNA and tRNA in hydroxide hydrolysis buffer (50 mM NaOH, 1 mM EDTA) at 90 °C for 3 min. The reactions were resolved on 8 M urea-10% polyacrylamide sequencing gels.

For probing the protein-directed RNA conformational change, extraction of end-labeled RNA after protein-binding was done as described previously[@R26] with modifications. Briefly, the RNA was incubated with 100 ng of cell lysates, and immundepleted lysates, in RNA binding buffer at room temperature for 15 min. Proteins were removed by incubation with 2 μl of 5% SDS on ice. The RNA was extracted twice with phenol:chloroform and precipitated by ethanol in presence of 2 mM MgCl~2~. The RNA was further subjected to RNase digestion as described above.
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![Suppression of GAIT-mediated translation silencing of VEGF by hypoxia\
**a**, VEGF in lysates from U937 cells treated with IFN-γ in normoxia (Nmx.) or hypoxia (Hpx.) was determined by immunoblot (IB) and RT-PCR; GAPDH was probed as control. **b**, *In vitro* translation of Fluc reporter RNAs bearing VEGF 3'UTR~11-900~ (left) or Cp 3'UTR (right) in presence of cytosolic lysates and control Rluc RNA lacking a 3'UTR. **c**, Schematic of RNA elements in VEGF 3'UTR and HSR. **d**, *In vitro* translation of reporter RNAs bearing VEGF HSR (left) or GAIT element (right) in presence of cytosolic lysates. **e**, U937 cells were nucleofected with pcDNA3-Fluc reporters bearing VEGF HSR (top) or GAIT element (bottom). Cells were co-transfected with a plasmid expressing Rluc under SV40 promoter. Relative luciferase activity (Fluc/Rluc) was expressed as mean ± s.d. (3 experiments).](nihms-163901-f0001){#F1}

![hnRNP L binding to HSR restores VEGF translation in hypoxia\
**a**, Lysates from IFN-γ-treated cells were subjected to UV-crosslinking with \[^32^P\]UTP-labeled VEGF HSR RNA before and after immunodepletion with anti-hnRNP L (left) or anti-EPRS (right) antibodies. Effective depletion was shown by IB. **b**, Excess DNA oligomer antisense to hnRNP L binding site (AS~3'UTR,332-357~) blocks binding of hnRNP L to HSR RNA. **c**, Inhibition of hnRNP L binding by AS~3'UTR,332-357~ restores translational silencing of reporter RNA in hypoxia. **d**, siRNA-mediated knockdown of hnRNP L induces translational repression of VEGF in hypoxic cells. Lysates from cells transfected with hnRNP L (left) and control (right) siRNAs were immunoblotted with anti-VEGF, -hnRNP L and -GAPDH antibodies.](nihms-163901-f0002){#F2}

![hnRNP L is regulated by stimulus-dependent proteasomal degradation\
**a**, Lysates from U937 cells incubated in the absence or presence of IFN-γ were immunoblotted with anti-hnRNP L and -GAPDH antibodies. **b**, Immunoblot of lysates from cells treated with MG132 (200 nM). **c**, *In vitro* translation of VEGF HSR reporter RNA in presence of cell lysates.](nihms-163901-f0003){#F3}

![Protein-dependent switching of the VEGF 3'UTR HSR\
**a**, Secondary structure of VEGF HSR predicted by Mfold shows GAIT element (green), hnRNP L binding site (red), and stem stability sequence (blue). TP is lowest free energy conformer predicted by Mfold (left). TS conformer was generated by introducing experimentally-determined base-pairing constraints in GAIT element stem (right). Strong and weak RNase cleavage sites are marked by red and blue circles, respectively. Key signature cleavage sites are indicated (\*, \*\*). **b**, ^32^P-endlabeled VEGF HSR RNA was probed with RNase A under non-denaturing (lane 2) and denaturing (lane 3) conditions. Cleavages corresponding to predicted signature sites are indicated (\*, \*\*). **c**, RNase A probing of VEGF HSR RNA under non-denaturing conditions, or after the RNA was denatured and renatured. **d**, VEGF HSR RNA was incubated with cell lysates treated with IFN-γ for 24 h under normoxia or hypoxia, or with lysates immunodepleted with anti-hnRNP L and anti-EPRS antibodies, and subjected to RNase A-mediated cleavage under non-denaturing conditions after protein removal. **e**, Proposed pathway that switches the VEGF HSR to the TP conformer in the presence of IFN-γ and hypoxia (left), or to the TS conformer in the presence of IFN-γ and normoxia (right). **f**, Truth table showing AND NOT Boolean logic function of the VEGF RNA switch integrating signals from IFN-γ and hypoxia.](nihms-163901-f0004){#F4}
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